Epithelial pancreatic acinar cells perform crucial functions in food digestion, and acinar cell homeostasis required for secretion of digestive enzymes relies on SNARE-mediated exocytosis. The ubiquitously expressed Sec1/Munc18 protein mammalian uncoordinated-18c (Munc18c) regulates membrane fusion by activating syntaxin-4 (STX-4) to bind cognate SNARE proteins to form a SNARE complex that mediates exocytosis in many cell types. However, in the acinar cell, Munc18c's functions in exocytosis and homeostasis remain inconclusive. Here, we found that pancreatic acini from Munc18c-depleted mice (Munc18c ؉/؊ ) and human pancreas (lenti-Munc18c-shRNA-treated) exhibit normal apical exocytosis of zymogen granules (ZGs) in response to physiologic stimulation with the intestinal hormone cholecystokinin (CCK-8). However, when stimulated with supraphysiologic CCK-8 levels to mimic pancreatitis, Munc18cdepleted (Munc18c ؉/؊ ) mouse acini exhibited a reduction in pathological basolateral exocytosis of ZGs resulting from a decrease in fusogenic STX-4 SNARE complexes. This reduced basolateral exocytosis in part explained the less severe pancreatitis observed in Munc18c ؉/؊ mice after hyperstimulation with the CCK-8 analog caerulein. Likely as a result of this secretory blockade, Munc18c-depleted acini unexpectedly activated a component of the endoplasmic reticulum (ER) stress response that contributed to autophagy induction, resulting in downstream accumulation of autophagic vacuoles and autolysosomes. We conclude that Munc18c's role in mediating ectopic basolateral membrane fusion of ZGs contributes to the initiation of CCK-induced pancreatic injury, and that blockade of this secretory process could increase autophagy induction.
Epithelial pancreatic acinar cells perform crucial functions in food digestion, and acinar cell homeostasis required for secretion of digestive enzymes relies on SNARE-mediated exocytosis.
The ubiquitously expressed Sec1/Munc18 protein mammalian uncoordinated-18c (Munc18c) regulates membrane fusion by activating syntaxin-4 (STX-4) to bind cognate SNARE proteins to form a SNARE complex that mediates exocytosis in many cell types. However, in the acinar cell, Munc18c's functions in exocytosis and homeostasis remain inconclusive. Here, we found that pancreatic acini from Munc18c-depleted mice (Munc18c ؉/؊ ) and human pancreas (lenti-Munc18c-shRNA-treated) exhibit normal apical exocytosis of zymogen granules (ZGs) in response to physiologic stimulation with the intestinal hormone cholecystokinin (CCK-8). However, when stimulated with supraphysiologic CCK-8 levels to mimic pancreatitis, Munc18cdepleted (Munc18c ؉/؊ ) mouse acini exhibited a reduction in pathological basolateral exocytosis of ZGs resulting from a decrease in fusogenic STX-4 SNARE complexes. This reduced basolateral exocytosis in part explained the less severe pancreatitis observed in Munc18c ؉/؊ mice after hyperstimulation with the CCK-8 analog caerulein. Likely as a result of this secretory blockade, Munc18c-depleted acini unexpectedly activated a component of the endoplasmic reticulum (ER) stress response that contributed to autophagy induction, resulting in downstream accumulation of autophagic vacuoles and autolysosomes. We conclude that Munc18c's role in mediating ectopic basolateral membrane fusion of ZGs contributes to the initiation of CCK-induced pancreatic injury, and that blockade of this secretory process could increase autophagy induction.
The polarized epithelial pancreatic acinar cells perform crucial functions in food digestion by efficiently synthesizing digestive enzymes (1) , storing them as dormant zymogen granules (ZGs) 3 (1) , eliminating defective or inappropriately activated enzymes by autophagy to ensure quality control (2) , and faithfully exocytosing ZGs to the apical plasma membrane (PM) upon postprandial secretagogue stimulation (1, 3) . Maintenance of acinar cellular homeostasis during these secretory processes requires well-orchestrated functions of an efficient endoplasmic reticulum (ER) network (4), mitochondria (5) , autophagy (2, 6, 7) , and SNARE-mediated exocytosis (8) . Perturbations of any one of these processes were reported to contribute to pancreatic acinar cell injury and pancreatitis (9, 10) . However, how defective exocytosis contributes to pancreatitis remains unclear.
Munc18c belongs to the Sec1/Munc18-like (SM) family of cytosolic proteins that regulate membrane fusion by interacting and activating cognate syntaxins to promote the assembly of distinct fusogenic SNARE complexes (11, 12) . Mammals encode seven SM proteins, of which Munc18a, Munc18b, and Munc18c contribute to various exocytotic fusion events (11) . Munc18a, expressed in neurons and endocrine cells, predominantly interacts with cognate syntaxin (STX)-1A to assert its function (12, 13) , but also binds STX-2 and STX-3 (13) . Munc18b is broadly expressed and also interacts with STX-1, -2, and -3 (14 -16) . Munc18c, also ubiquitously expressed in non-neuronal cells, interacts primarily with STX-4 and to lesser degree STX-2 (15, 16) . Major insights into SM protein functions come from the Munc18a studies employing genetic deletion and in vitro reconstituted fusion assays. Munc18a was shown to be essential for secretion because Munc18a deletion in neurons caused complete absence of neurotransmitter secretion (17) . In reconstituted systems, Munc18a was shown to play both positive (18) and negative regulatory actions (19) . Specifically, Munc18a interaction with trans-SNARE complex promotes membrane fusion (12, 18) , whereas Munc18 binary interaction with STX-1A stabilizes the "closed" form of STX-1A that is unable to bind cognate SNAREs to assemble into a fusogenic SNARE complex (12, 19) . Munc18c has been shown to positively regulate physiologic exocytosis in many cell types, including GLUT4 vesicle exocytosis in adipocytes (20) and skeletal muscles (21) , and insulin exocytosis in pancreatic ␤-cells (22, 23) . Peculiarly, disruption of Munc18c association to STX-4 paradoxically promoted exocytosis in platelets (24) and also GLUT4 vesicle exocytosis in adipocytes (25) . Although the physiologic roles of Munc18c are well studied in these cell types, its function in ZG exocytosis in pancreatic acinar cells has not been definitively established. In pancreatic acinar cells Munc18c is found on the basolateral plasma membrane (26) . Whereas physiologic stimulation of acini had no effect on Munc18c, supraphysiologic (cholecystokinin (CCK), carbachol) and toxic (alcohol) stimulation induces PKC␣-mediated phosphorylation of Munc18c, which activates the assembly of the basolateral PM SNARE complex (STX-4 -SNAP23-VAMP8) (27) (28) (29) to effect basolateral exocytosis. With the activation of this SNARE complex, Munc18c dissociates from STX-4 into the cytosol to undergo proteolytic degradation (26, 27) . These events that underlie basolateral exocytosis have been purported to contribute to pancreatitis (8, 9) , supported by a report of VAMP8 deletion abrogating pancreatitis induced by alcohol and supraphysiologic stimulation (27) . However, with the reports of Munc18c's complex positive (20, 22, 23, 30) and negative regulatory roles (24, 25) in exocytosis, it remains to be determined what role Munc18c plays in the cellular processes leading to pancreatic injury and pancreatitis.
We employed Munc18c-depleted mice (21, 22) and human pancreas (31) depleted of Munc18c to assess Munc18c functions in pancreatic acinar ZG exocytosis and cellular homeostasis under normal state and after pancreatitis induction (32) . We found that Munc18c is a positive regulator of STX-4 -mediated basolateral exocytosis, whereby Munc18c depletion reduced basolateral SNARE complex assembly and consequent basolateral exocytosis of ZGs. To translate these findings to a disease mechanism, we used the caerulein hyperstimulation model of pancreatitis (32) on this Munc18c-depleted mouse, which showed a much reduced severity of pancreatitis. Unexpectedly, we found that this Munc18c depletion-induced secretory blockade resulted in elevated ER stress-mediated autophagy induction which led to increased accumulation of autolysosomes. Munc18c thus could be useful as a potential therapeutic target for one of the most common life-threatening gastrointestinal diseases that currently has no specific treatment (33, 34) .
Results

Munc18c-depleted mice are protected from caerulein-induced pancreatitis
Munc18c is part of the putative SM-SNARE quaternary fusion complex (12, 18) that mediates pathological basolateral exocytosis (26 -29) purported to contribute to pancreatitis (8, 9) . This led us to question whether Munc18c depletion could alter the process of pancreatitis. We employed the heterozygous Munc18c ϩ/Ϫ previously reported to reduce GLUT4 vesicle and insulin granule exocytosis (21, 22) . We verified that Munc18c levels in Munc18c ϩ/Ϫ mouse acini were reduced by 52%, without affecting the other SM and SNARE proteins (Fig.  1, A and B) . Munc18c ϩ/Ϫ versus WT mice were subjected to caerulein (CCK-8 analog) hyperstimulation (8 hourly injections) to induce pancreatitis (32) , after which we assessed the histology (Fig. 1C ) for pancreatic injury (edema, inflammation, vacuolization, and necrosis) scored individually ( Fig. 1 , D and E) and collectively ( Fig. 1F ). Whereas saline (control)-treated tissues showed no differences, caerulein treatment showed lower total and individual (all except an increase in autophagic vacuole formation) histology scores in the Munc18c ϩ/Ϫ mice pancreatic tissues compared with WT littermates. These findings of reduced pancreatitis in the Munc18c ϩ/Ϫ mice were consistent with the reduced tissue myeloperoxidase (MPO) activity ( Fig. 1G ) from the less polymorphonuclear leukocyte infiltration, and the reduced circulating levels of amylase and lipase ( Fig. 1H and Fig. S1 , C and D), which are clinical indicators of pancreatitis. However, pancreatic tissue trypsin activity was higher in Munc18c ϩ/Ϫ mice ( Fig. 1I ), consistent with the increased number of autophagic vacuoles ( Fig. 1E) where trypsinogen activation to trypsin (7) occurs. Munc18c depletion therefore reduced the severity of pancreatitis, but seemed to up-regulate autophagy activity. We therefore investigated the mechanisms to explain these two phenomena.
Munc18c depletion reduces secretion at supraphysiologic but not at physiologic CCK-8 stimulation
We examined whether Munc18c depletion affects stimulated amylase release. We used both Munc18c ϩ/Ϫ mouse acini ( Fig. 2A ) and human pancreatic slices treated with lenti-Munc18c-shRNA/RFP (CACCTTGGTGTTCCCATTGTT) (23) to knockdown (KD) Munc18c expression ( Fig. 2B ). The latter showed 78% efficiency (expressed RFP) in transducing the human acini (data not shown) and reduced total pancreatic lysate Munc18c levels by 63% ( Fig. S2, A and B) . Both dispersed mouse acini ( Fig. 2A ) and human pancreatic slices ( Fig. 2B ) displayed classical biphasic pattern of amylase secretion (3, 31) with a gradual increase at submaximal CCK (10 -20 pM) to a peak response (10 -100 pM) followed by a progressive reduction from maximal levels at supraphysiologic doses (Ͼ1000 pM-20 nM). The reduction in secretion at supraphysiologic doses is because of progressive blockade in apical exocytosis and redirection of ZGs to fuse with the basolateral PM (26), whereby release of proteases into the interstitial space of the intact pancreas would lead to pancreatitis (8, 9) . However, in dispersed acini, all released enzymes would end up in the media, but
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because the release at the basolateral PM is much less efficient than apical exocytosis, the amounts are much less than maximally released at the apical pole. Munc18c depletion in mouse acini ( Fig. 2A ) or human pancreatic slices ( Fig. 2B ) did not alter amylase secretion at submaximal to maximal CCK-8 stimulation. However, at supramaximal stimulation (10 nM CCK-8), Munc18c-depleted mouse acini ( Fig. 2A ) and human pancreatic slices (Fig. 2B ) secreted 55 and 42% less amylase than WT acini and scrambled (sc)-shRNA transduced slices. Total amylase content was similar between Munc18c-depleted and WT acini of mouse acini and human pancreatic slices (Fig. 2 , C and D).
Because Ca 2ϩ is the primary fusogenic signal for ZG exocytosis (35) , we assessed whether intracellular Ca 2ϩ ([Ca 2ϩ ] i ) release was distorted by the Munc18c depletion. Munc18c ϩ/Ϫ mouse acini compared with WT mouse acini showed similar (35) . These results suggest that the effect of Munc18c depletion on secretion must be at an exocytotic step downstream from [Ca 2ϩ ] i release.
Munc18c depletion reduces supraphysiologic CCK-evoked basolateral PM exocytosis but does not affect physiologic apical exocytosis
To assess whether Munc18c depletion affects CCK-stimulated exocytosis, we used a syncollin-pHluorin imaging method employing adenovirus expression of syncollin-pHluorin (29, 31, 36) in Munc18c ϩ/Ϫ and WT mouse acini. Ad-syncollin-pHluorin expression enables high spatiotemporal resolution of single ZG fusions (36) . Here, the ZG content protein syncollin is fused to pH-sensitive GFP (pHluorin) which elicits high fluorescence at basic pH (ZGs fused to the PM exposes the ZG interior to pH 7.4 of the cell exterior) and reduced fluorescence at acidic pH (i.e. unfused ZGs). This enables tracking of sequential ZG fusions deep in the apical region (36) . Physiologic 100 pM CCK-8 stimulation of WT ( and densitometry quantification (normalized to loading control tubulin, right panels) showed no change between WT and Munc18c ϩ/Ϫ mouse acini (C), and between control and Munc18c KD human pancreas (D). Data expressed as mean Ϯ S.D. of three independent experiments. NS, not significant. E, resting [Ca 2ϩ ] i was similar between WT (n ϭ 20 cells) and Munc18c ϩ/Ϫ (n ϭ 22 cells) mouse acini. F and G, representative [Ca 2ϩ ] i response curves from WT and Munc18c ϩ/Ϫ mouse acini stimulated with 100 pM (F, 12 acinar cells each for WT and Munc18c ϩ/Ϫ acini from three independent experiments) or 10 nM (G, 10 acinar cells each for WT and Munc18c ϩ/Ϫ acini from three independent experiments) CCK-8 showed similar responses. Analysis of these [Ca 2ϩ ] i responses in E-G are stated in the text, and showed no statistical differences. NS, not significant.
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fusion events at the basolateral PM when compared with WT acini (analysis in Fig. 3B , right panel).
Munc18c depletion selectively impairs the assembly of basolateral SNARE complexes
We have purported that Munc18c promotes the STX-4 -SNAP23-VAMP8 SNARE complex formation (27) . We therefore hypothesized that Munc18c depletion would reduce this SNARE complex assembly to explain the reduced basolateral exocytosis. We examined by co-immunoprecipitation assays the distinct SM-SNARE complexes formed in WT and Munc18c ϩ/Ϫ mouse acini. STX-4 antibody (Fig. 4A ) pulled down complete Munc18c-STX-4 -SNAP23-VAMP8 complexes from WT acini only at 10 nM CCK-8 but not 100 pM CCK-8 stimulation, consistent with this SM-SNARE complex's role in basolateral exocytosis evoked at supraphysiologic stimulation (27) . From the 10 nM CCK-8 -stimulated Munc18c ϩ/Ϫ acini, less of this SM-SNARE complex was pulled down, consistent with the observed reduced basolateral exocytosis. Our previous studies have suggested that Munc18b could activate STX-2 (27, 37) and STX-3 (27) in forming SNARE complexes with ZG VAMP2 and VAMP8, and also SNAP23 to mediate physiologic CCK-stimulated apical PM exocytosis and subsequent sequential ZG-ZG fusion (27, 37, 38) . Indeed, after stimulation with physiologic 100 pM CCK-8, co-immunoprecipitation with STX-2 ( Fig. 4B ) or STX-3 antibodies ( Fig. 4C) pulled down similar amounts of complete Munc18b-(STX-3-SNAP23-VAMP8) and Munc18b-(STX-2-SNAP23-VAMP2) complexes in WT and Munc18c ϩ/Ϫ acini. This result would explain why Munc18c depletion did not alter apical exocytosis. These SM-SNARE complexes were notably reduced at 10 nM CCK-8 stimulation, consistent with the reduced apical exocytosis, but were similar between WT and Munc18c ϩ/Ϫ acini. This also supports the thinking that Munc18c (like Munc18a) is required to activate STX-4 (like STX-1A) into an open conformation to assemble with cognate SNARE proteins into a complete SNARE complex (11) .
Munc18c depletion-induced secretory blockade activates an ER stress response that increases autophagy induction
Increased vacuolization, predominantly autolysosomes (ALs) in pancreatic acinar cells during pancreatitis has been attributed to the perturbation of autophagy particularly at the distal step of AL degradation (2, 7) . Peculiarly, whereas Munc18c depletion reduced the severity of pancreatitis, we noted a paradoxical increase in vacuole formation upon caerulein hyperstimulation (Fig. 1E) .
To assess the nature of the large vacuole formation, we performed transmission electron microscopy (TEM), which can distinguish the different autophagic vacuoles (AVs) Fig. 5, A  and B and Fig. S4A ) into autophagosome (AP) (double membrane with undigested content), early AL (EAL) (single mem- (29, 36) . Inner circle (A and B) that encompasses two-third area of the outer circle was designated as apical pole. The region between inner and outer circle (A and B) was considered as basolateral (29, 36, 59) . Analyses were mean Ϯ S.D. Scale bars, 10 m. *, p Ͻ 0.05.
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brane with undigested content), and late AL (LAL) (single membrane with amorphous electron-dense content). Analysis of these AVs at resting conditions showed no differences between WT and Munc18c ϩ/Ϫ acini (Fig. 5A, top; analysis in Fig. 5B ). After supraphysiologic CCK-8 stimulation, Munc18c ϩ/Ϫ acini (Fig. 5A bottom) compared with WT acini accumulated 81% more APs, 60% more EALs, but no significant increase in LALs (analysis in Fig. 5B ). Perturbations of the autophagic flux is confirmed biochemically by the increased conversion of cytosolic microtubule-associated protein 1 light chain (LC3) B-I to 
lipidated LC3B-II (39) . Here, Munc18c ϩ/Ϫ mouse (Fig. 5D ) and Munc18c-shRNA KD human acini (Fig. 5E ) displayed 69 and 73% more conversion of LC3B-I to LC3B-II, which taken along with the increase in APs and EALs is indicative of an increase in autophagy induction (39) , which we examined next.
The complex regulation of autophagy also includes ER stress responses (2, 6, 40, 41), which can be severely perturbed by the dysregulation in secretory pathways (42) . In pancreatic acinar cells, supraphysiologic stimulation is known to increase ER stress that perturbs autophagy (4, 6) . This led us to hypothesize that Munc18c depletion-induced basolateral exocytotic blockade along with the supramaximal CCK-induced apical blockade in acinar cells might have resulted in greatly increased proteostasis which would specifically input into the ER stress response in a manner that contributes to autophagy induction (43) . This increase in autophagy induction could then accentuate supra- physiologic CCK-8 -stimulated ER stress. Indeed, assessment of ER morphology by TEM showed that Munc18c ϩ/Ϫ acini displayed more dilated and ribosome-free smooth ER ( Fig. 5C and Fig. S4C ), reminiscent of increased ER stress (6) . We next assessed for biochemical evidence of ER stress. Levels of GRP78 (BiP), an established ER stress marker (44) , were higher in CCK-8 -hyperstimulated Munc18c ϩ/Ϫ mouse ( Fig. 5F ) and Munc18c-depleted human acini (Fig. 5G ) compared with their WT counterparts. To specifically assess whether this excess in ER stress was the major contributor to the augmented autophagy induction in the Munc18c-depleted acini, we examined eIF2␣ phosphorylation (serine-51), an indicator of PERK-eIF2␣ pathway activation. We focused on this PERK-eIF2␣ axis of the ER stress response as this is the major and established contributor to autophagy induction per se (45) . In fact, we detected increased phosphorylation of eIF2␣ in CCK-8hyperstimulated Munc18c ϩ/Ϫ mouse (Fig. 5H ) and human acini (Fig. 5I ). To confirm that the increased autophagic induction was attributed to ER stress, we used the eIF2␣ signaling inhibitor salubrinal, which was able to reduce the LC3B-I to LC3B-II conversion in WT and Munc18c-depleted mouse (Fig.  5J ) and human acini (Fig. 5K) .
We then assessed the protease activities within the ALs that are known to be perturbed by supraphysiologic CCK-8 stimulation as an underlying mechanism of pancreatic injury and pancreatitis (2, 6, 7) . Supraphysiologic CCK-8 induced defects in the processing and altered activity of cathepsins, causing an imbalance between cathepsin B (i.e. more) and cathepsin L (i.e. less) within the ALs, which results in increased trypsinogen activation (7) . Release of proteases particularly cathepsin B into the cytosol was recently implicated as the major cause of acinar injury (46) . Trypsinogen activation was detected using the trypsinogen activation peptide (TAP) marker for activated trypsin (47) within the acinar vacuoles, and whole tissue lysate assay for trypsin (48) . After CCK-8 hyperstimulation, we observed a 47% increase in LC3B/TAP-positive vacuoles ( Fig. 6A; analysis Fig. S5 . B, quantification of TAP-positive LC3B GFP puncta from 40 acinar cells from three independent experiments performed as described previously (7) . Data expressed as mean Ϯ S.D. C, relative activity of trypsin in lysates from WT and Munc18c ϩ/Ϫ mouse acini stimulated as in (A). Data expressed as mean Ϯ S.D. from three independent experiments. D, relative activities of cathepsin L (top) and cathepsin B (bottom) in the lysosomal fractions from WT and Munc18c ϩ/Ϫ mouse acini that were either kept as control or CCK-stimulated as in (A). The activities of cathepsins in controls were taken as 100. Data expressed as mean Ϯ S.D. from three independent experiments. *, p Ͻ 0.05, NS ϭ not significant.
that these vacuoles are autolysosomes (7) . Consistently, Munc18c ϩ/Ϫ acini 42% more trypsin activity after 10 nM CCK-8 stimulation (Fig. 6C ), whereas trypsin activities were similar at basal conditions between control and Munc18c ϩ/Ϫ acini.
Finally, we assessed for abnormal cathepsin activities caused by supraphysiologic CCK-8 stimulation (Fig. 6D) , purported to account for the defective AL degradation, which leads to AL accumulation (2, 7) . Cathepsin activities (cathepsin B and L levels) were similar between Munc18c-depleted and WT mouse acini. These data indicate that the increased in AP and AL formation in Munc18c-depleted acini is attributed to the increase in autophagy induction caused by the secretory (basolateral and apical exocytosis) blockade, which in turn increased proteostasis input into ER stress, but against a defective AL clearance caused by the supraphysiologic CCK stimulation.
Discussion
In summary, we showed the Munc18c depletion in mouse and human pancreatic acini could reduce basolateral exocytosis by reducing the formation of fusogenic STX-4 -SNAP23-VAMP8 complexes. This would only occur during supramaximal stimulation, whereas Munc18c depletion would not affect physiologic stimulated apical exocytosis. This effect of Munc18c on basolateral exocytosis was sufficient to reduce caerulein-induced pancreatitis, indicating that Munc18c could be a potential therapeutic target to treat pancreatitis in humans.
Unexpectedly, we found that the blockade of basolateral exocytosis by Munc18c depletion likely increased input into ER stress response in a manner that increased autophagy induction. This was accentuated by the fact that supramaximal CCK stimulation has long been known to cause apical blockade by a yet unknown mechanism. Such a severe secretory blockade in pancreatic acinar cells may result in greatly increased proteostasis causing increased accumulation of misfolded proteins that culminates in amplifying the ER unfolded protein response and thus ER stress (4, 49) , which is a potent trigger for autophagy induction as the adaptive mechanism for proteostatic degradation (50) . This would therefore promote autophagosome and consequent autolysosome formation. However, in the normal autophagic process, the autolysosomes would undergo normal degradation. Unfortunately, supramaximal stimulation of pancreatic acini impairs this terminal step in the autophagic flux by causing an imbalance in cathepsin processing which results in deficient lysosome degradation and consequent accumulation of active trypsin within the increased number of autolysosomes (7) . These events, independently provoked by supramaximal CCK stimulation, are not affected by the Munc18c deficiency per se. Nonetheless, the increased ER stress input into autophagy induction caused by Munc18c deficiency in the background of reduced autolysosome degradation caused by supramaximal CCK stimulation, culminates in increased number of autolysosomes and activated trypsin within the autolysosomes.
Peculiarly, our work suggests that it may not be the increased number of autolysosomes with active trypsin per se that causes pancreatitis. Rather, it seems that the larger contributor to pancreatitis, at least in our Munc18c deficiency models (both mice and human), is basolateral exocytosis which would deliver zymogen cargo into the interstitial space between acinar cells, where protease activation leads to interstitial pancreatitis (51, 52) . Furthermore, it is not simply intra-acinar activation of trypsinogen per se that causes pancreatic injury, but the release of the lysosomal proteases, particularly cathepsin B, in the cytosol that causes acinar cell death (46) . We think that Munc18c and its cognate SNARE proteins do not directly regulate autophagy or ER stress per se in the pancreatic acinar cells but rather they contribute to these processes by their role, when deficient, in inducing secretory blockade. Nevertheless, it would be of interest to further explore whether other SNARE proteins might directly influence acinar autophagic processes (53) .
Experimental procedures
Animals and reagents
Munc18c hemizygous (Munc18c ϩ/Ϫ ) mice (Munc18c Ϫ/Ϫ are embryonic lethal) (21) were obtained from crossing of Munc18c ϩ/Ϫ and wild type C57bL6. Mice were kept at 22°C, 40% humidity, 12-h:12-h light-dark cycle and given chow and water ad libitum. All studies were performed in accordance with the University of Toronto regulations for animal experiments. Substrate for trypsin (Boc-Gln-Ala-Arg-MCA) and chymotrypsin (Suc-Ala-Ala-Pro-Phe-AMC) were from Peptides International (Louisville, KY) and Calbiochem, respectively. Serum amylase, lipase, and pancreatic myeloperoxidase (MPO), assay kits were from BioVision (Milpitas, CA). CCK-8 was from Research Plus Inc. (Barnegat, NJ) . Sulfated caerulein and all other reagents unless specified were from Sigma.
Human pancreas slice preparation, culture, and lentivirus transduction
Pancreas slices were prepared from healthy portions of human pancreas that were retrieved from resected pancreas of pancreatic cancer patients (5 patients; 3 males and 2 females, ages ranging from 57 to 65 years old), with written consent. Slicing was conducted in ice-cold extracellular solution (in mM: 125 NaCl, 2.5 KCl, 1 MgCl 2 , 2 CaCl 2 , 1.25 NaH 2 PO 4 , 26 NaHCO 3 , 2 sodium pyruvate, 0.25 ascorbic acid, 3 myo-inositol, 6 lactic acid, 7 glucose) with a vibrating blade microtome (VT-1000S Vibratome, Leica Microsystems, Mannheim, Germany). 10 slices (in extracellular solution) per Petri dish were transduced with 10 10 pfu/ml of control (scrambled) shRNA or Munc18c shRNA lentiviruses (23) for 2 h. For long-term culture (24 h), lentivirus-transduced slices were placed on cell culture inserts (0.4 m, diameter 30 mm, EMD Millipore) that were coated with 3 mg/ml type 1 rat tail collagen. Inserts were then floated on optimized Waymouth's MB 752/1 medium (11 mM glucose, 1% FBS, 0.1 mg/ml soybean trypsin inhibitor, 1 g/ml dexamethasone, and penicillin (100 units/ml)/streptavidin (100 g/ml) in 6-well plates as described by Marciniak et al. (54) .
Mice acini isolation, culture, and adenovirus transduction
Dispersed pancreatic acini were prepared from 2-to 4-monthold mice using our established mechanical and enzymatic dissociation technique as described earlier (36) . Dispersed acini
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were cultured in acinar culture media: DMEM/F12 with 10% normal goat serum, 100 units/ml penicillin, and 100 g/ml streptomycin at 37°C in a cell culture incubator. LC3B GFP expressing adenovirus (10 10 pfu/ml) were added to the culture 12 h prior to imaging.
Intracellular calcium ([Ca 2؉ ] i ) measurement
Time course of acinar [Ca 2ϩ ] i was measured with ratiometric Ca 2ϩ indicator Fura-2 AM (1.0 M with 0.05% pluronic F-127), using a Zeiss inverted epifluorescence microscope as described before (55). Briefly, Fura-2 AM-loaded acini were sequentially illuminated through 340/25 nm and 380/25 nm excitation filters and imaged through 40ϫ UV, 1⅐3 NA, oil immersion objective through a 500/20 nm longpass filter. 512 pixel ϫ 512 pixel images were captured at 3 frames/s with 35 ms exposure on a Hamamatsu Flash 4.0 cooled CCD camera. A 340/380 ratio (R) that is proportional of [Ca 2ϩ ] i was calculated for each image after background substraction for each wavelength. Fura-2 signal was calibrated with no Ca 2ϩ (ϩ1 mM EGTA) to obtain minimum ratio (R min ) and with high Ca 2ϩ (ϩ10 mM CaCl 2 ) to obtain maximum ratio (R max ) of 340/380 in presence of ionomycin (1 M). The intracellular R of Fura-2 was then expressed
where S f and S b are the emission intensity at 380 nm for Ca 2ϩ -free and Ca 2ϩ -bound Fura-2, respectively.
Induction of caerulein pancreatitis, preparation of serum and tissue samples, and histological scoring of pancreatitis
These assays were performed as we described previously (27) . Briefly, caerulein was administered through intraperitoneal (i.p.) injections at a dose of 50 g/kg body weight at hourly intervals (8 injections) to sex-matched littermate mice (age, 2-4 months; body weight, 20 -25 g) that were fasted for 18 h with water given ad libitum. Mice from control groups received equal volume of 0.9% saline. Mice were sacrificed at 1 h after the eighth injection. Whole blood samples were collected by puncturing the heart with a heparin-coated syringe and centrifuged at 4°C. The pancreata were removed on ice and a portion of it was fixed in 10% formalin in PBS for further histological processing and hematoxylin and eosin (H&E) staining. Serum and remaining portions of pancreas were snap frozen in liquid nitrogen and stored in Ϫ80°C for biochemical assays. H&E stained slides were scanned with a slide scanner (Axioscan, Zeiss) at 40ϫ magnification and images were analyzed for pancreatic injury on a scale of 0 -3.
Enzyme assays
Dispersed pancreatic acini were stimulated with CCK-8 in Krebs-Ringer-HEPES (KRH) buffer (NaCl 104, KCl 5, KH 2 PO 4 1, MgCl 2 1.2, and HEPES 25; in mM, pH 7.4) supplemented with 1.2 mM CaCl 2 , 2.5 mM D-glucose, 2 mM L-glutamine, MEM amino acids (Invitrogen), MEM nonessential amino acids (Invitrogen), 0.015% (w/v) soybean trypsin inhibitor, and 0.2% (w/v) BSA. Secreted and acinar amylase content were measured using an established colorimetric method as we reported previously (27, 29, 36, 56) . Activities of serum amylase, lipase, and MPO were determined at room temperature using enzyme assay kits (BioVision) as per manufacturer's guidelines. Trypsin and chymotrypsin activities were measured as we reported earlier (31, 48) . Briefly, pancreatic tissue or acinar cells were lysed 1:10 (w/v) in ice-cold trypsin assay buffer (50 mmol/liter Tris, pH 8.1, 150 mmol/liter NaCl, 1 mmol/liter CaCl 2 , 0.01% BSA). 50 l of clarified (1000 g, 2 min) lysates were mixed with 50 l of 400 mol/liter enzyme substrate within wells of a 96-well black Clear plates (Greiner Bio One, Frickenhausen, Germany). Release of protease cleaved 7-amino-4-methylcoumarin (AMC) was measured immediately using a fluorescent plate reader (FLUOstar Optima, Isogen Life Science, De Meern, The Netherlands) for 10 min at room temperature. Protease activity was determined as relative fluorescent units per second, normalized to total amylase (relative fluorescent units per second per microgram of amylase). Lysosomal cathepsin L (CL) and cathepsin B (CB) activities were determined by commercial kits (Abcam, ab65306, ab65300). Briefly, lysosomal pellets were lysed in 1:5 (w/v) ice-cold CL/CB buffers. 10 l of lysates were further diluted (1:10) in CL/CB buffers and mixed with 200 M CL substrate Ac-FR-AFC or CB Substrate Ac-RR-AFC for 2 h in presence or absence of CL/CB inhibitor (in 1:50 dilution). The release of amino-4-trifluoromethylcoumarin (AFC) as enzyme activity was measured with a fluorimeter (as described above) at 400 nm excitation and emission at 460 nm for CL and 505 nm for CB. The relative fluorescent units (RFUs) were normalized to protein levels. RFU of lysosomal CL/CB was determined by subtracting the RFU measured in the presence of CL/CB inhibitor and data expressed as percentage of change in activity taking WT control lysosomal activity as 100.
Confocal microscopy
Immunofluorescence and live cell imaging were performed with a spinning disc confocal imaging system equipped with Olympus IX81 inverted fluorescence microscope (Center Valley, PA), a Yokogawa CSU X1 spinning disc confocal scan head (Yokogawa Electric Corporation, Tokyo, Japan), a diodepumped solid state laser set (405 nm, 491 nm, 561 nm, 605 nm) (Spectral Applied Research, Concord, ON, Canada), and a Hamamatsu C9100 -13 EM-CCD (Hamamatsu Photonics, Shizuoka, Japan); driven and image data were analyzed by Volocity 3DM software (Perkin Elmer Corporation, Waltham, MA) (29, 31) . Images were captured at a magnification of 94.3ϫ (63ϫ oil immersion objective, 1.35 NA). For immunofluorescence, freshly prepared or LC3B GFP transduced and agonist stimulated acini were washed with ice-cold PBS, fixed in 4% paraformaldehyde in PBS for 30 min, and permeabilized in 0.1% Triton X-100 buffer for 20 min. Samples were then blocked 1 h in 10% goat serum and immunostained with primary antibodies to TAP (ABIN1173333, Antibodies online; 1:100). 0.4-m thick optical sections were captured with 0.3 m Z-spacing. Live cell exocytosis imaging was performed (29) on syncollin-pHluorin adenovirus transduced cultured acini (36) . All stimulations were done using sulfated CCK-8 in KRH buffer in a heated chamber equilibrated at 37°C. Images were acquired at 6 frames/min for 10 min.
Electron microscopy
This was performed essentially as described earlier (27, 29) . Briefly, agonist stimulation was terminated by adding 2 vol-Munc18c's role in exocytosis, autophagy, and pancreatitis umes of ice-cold KRH buffer. The acini were then pelleted and washed two times by centrifugation (300 ϫ g, 4°C) with icecold PBS, fixed immediately with a Karnovsky-style fixative (3.2% paraformaldehyde and 2.5% glutaraldehyde in a 0.1 mol/ liter sodium cacodylate buffer with 5 mmol/liter CaCl 2 , pH 6.5) for 1 h and then postfixed with 1% osmium tetroxide for 30 min. Samples were pre-embedded in 1% uranyl acetate for 1 h, were then dehydrated and infiltrated with Epon 812 resin. Ultrathin sections (80 nm) were counterstained with 4% uranyl acetate followed by Reynold's lead citrate and then examined and photographed in a Philips transmission electron microscope.
Immunoprecipitation (IP) and Western blot analysis
This was performed as described elsewhere (29) . Treatments on stimulated and unstimulated acini were stopped immediately by adding 2 volumes of ice-cold KRH buffer. Acini were then washed two times with ice-cold PBS, harvested by centrifugation (300 ϫ g, 4°C), and lysed by sonication in lysis buffer (25 mM HEPES, 100 mM KCl, 1.5% Triton X-100 with protease inhibitors). 1 mg of protein extract from each condition was initially precleared with 50 l of protein A-Sepharose beads (Molecular Probes, Eugene, OR) for 2 h at 4°C and then subjected to IP with specific 2 g anti-ЉSTX-2 (110022), -ЉSTX-3 (110033), or -ЉSTX-4 (110042) antibodies (from Synaptic Systems) linked to protein A-Sepharose beads. Beads obtained from the IP were washed three times with ice-cold lysis buffer and eluted from the beads by boiling in sample buffer (2 M Tris/HCl, pH 6.8, 20% SDS, 30% glycerol, 0.03% phenol red) and separated on 12-15% gradient SDS-PAGE followed by electrophoretic transfer onto nitrocellulose membrane (EMD Millipore). Membranes were immunodecorated with appropriate primary antibodies and identified by standard Western blot analysis technique with an ECL (enhanced chemiluminescence) Detection Kit (GE Healthcare). Densitometry analysis of the blots were performed by Image J software taking maximum band intensity as 100. The primary antibody dilutions used were anti-STXs (1:1000), anti-SNAP23 (1:1000), anti-Munc18b (1:1000), anti-VAMP2 (1:200), anti VAMP8 (1:500) (29), anti-Munc18c (AF5659, R&D Systems; 1:200), anti-BiP (PA1-014A, Thermo Fisher, 2 g/ml), anti-eIF2␣ (9227S, 1:1000), anti-Phospho eIF2␣ (3597S, 1:1000), anti-LC3B (2775S, 1:800) from Cell Signaling Technology, and anti-tubulin (1:5000) from Sigma.
Subcellular fractionation
Acinar lysosomes were fractionated by differential centrifugation (57, 58) using a SW40Ti rotor (Beckman) at 4°C. Briefly, control and agonist-stimulated acini were pelleted at 500 rpm at 4°C. Pellets were resuspended in 0.3 M sucrose solution (1:10 acini to sucrose, w/v), and homogenized three times using a glass homogenizer. Unbroken cells and nuclei were pelleted at 200 ϫ g, 15 min. Resultant supernatant was spun at 1300 ϫ g, 15 min to obtain ZG fraction. Post-ZG supernatants were pelleted at 12,000 ϫ g, 12 min to obtain lysosome-enriched fraction.
Statistical analysis
Statistical analyses were performed by one-way analysis of variance (ANOVA) using ORIGIN (Microcal, Amherst, MA) or 2-tailed Student's t test using EXCEL (Microsoft). Data presented as mean Ϯ S.D. p Ͻ 0.05 is considered statistically significant (NS, not significant). 
